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Abstract: Developmental biology, regenerative medicine and cancer biology are more and 
more interested in understanding the molecular mechanisms controlling pluripotency and 
self-renewal in stem cells. Pluripotency is maintained by a synergistic interplay between 
extrinsic stimuli and intrinsic circuitries, which allow sustainment of the undifferentiated 
and self -renewing state. Nevertheless, even though a lot of efforts have been made in the 
past years, the precise mechanisms regulating these processes remain unclear. One of the 
key extrinsic factors is leukemia inhibitory factor (LIF) that is largely used for the 
cultivation and derivation of mouse embryonic and induced pluripotent stem cells. LIF acts 
through the LIFR/gpl30 receptor and activates STAT3, an important regulator of mouse 
embryonic stem cell self-renewal. STAT3 is known to inhibit differentiation into both 
mesoderm and endoderm lineages by preventing the activation of lineage- specific 
differentiation programs. However, LIF activates also parallel circuitries like the 
PI3K-pathway and the MEK/ERK-pathway, but its mechanisms of action remain to be 
better elucidated. This review article aims at summarizing the actual knowledge on the 
importance of LIF in the maintenance of pluripotency and self-renewal in embryonic and 
induced pluripotent stem cells. 
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1. Introduction 

The Janus kinase signal transducer and activator of transcription (JAK-STAT) pathway mediates the 
transmission of information received from extracellular polypeptide signals, through transmembrane 
receptors and directly targets gene promoters without needing second messengers. Leukemia inhibitory 
factor (LIF) belongs to the family of interleukin (IL)-6-type cytokines, which signal through the 
common receptor subunit gpl30 in association with a ligand-specific receptor subunit, the low-affinity 
LIF receptor (LIFR). The binding of LIF to the LIFR induces its heterodimerization with gpl30. The 
formation of this complex results in the activation of the receptor- associated Janus kinases (JAKs), in 
the phosphorylation of receptor docking sites, and finally in the recruitment of Src homology-2 (SH2) 
domain containing proteins such as STAT3 (signal transducer and activator of transcription 3). When 
bound to the receptor, STAT3 molecules are phosphorylated on tyrosine 705 (Tyr705) residues and 
dimerize with another phosphorylated STAT3. The dimers are then translocated to the nucleus in a 
regulated manner where they bind to promoters and enhancer regions of their target genes (Figure 1). 
The suppressor of cytokine signaling 3 (SOCS3) is an important negative regulator of the 
LIF/STAT3-pathway whose expression is directly driven by STAT3. SOCS3 plays a critical role in 
many cell types and tissues in which the LIF-pathway is active. 



Figure 1. Schematic representation of the LIF-pathway. 




Differentiation Survival Self-renewal 



In parallel to the activation of the STAT3-pathway, the binding of LIF to the LIFR[3/gpl30 receptor 
leads to the activation of the mitogen-activated protein kinase (MAPK) and the phosphatidylinositol-3 
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phosphate kinase (PI3K) pathways. Together with the J AK/STAT3 -pathway they are essential 
components for the regulation of biological responses in embryonic stem cells (ESCs). Active gpl30 
receptor can associate with the protein tyrosine phosphatase SHP-2 [1], a positive effector of the 
MAPK signaling cascade, and lead to recruitment of Gabl. The complex gpl30/SHP-2/Gabl initiates 
a phosphorylation cascade that culminates in the activation of the ERK1 and ERK2 kinases [2] (Figure 1). 

Last but not least, LIF binding to the LIFR[3/gpl30 receptor induces the activation of members of the 
class IA family of phosphatidylinositol-3 phosphate kinases (PDKs). PDKs mediate signal transduction 
through downstream effector molecules including the serine/threonine protein kinase B (PKB, also 
known as AKT) that has been implicated in many cellular processes like regulation of the cell cycle 
progression, cell death, adhesion, migration, metabolism and tumorigenesis (for review see [3]). GSK3[3 
(glycogen synthase kinase 3(3) is a common target of the PI3K/ AKT -pathway and of the Wnt-pathway. 
These pathways control GSK3[3 phosphorylation thereby regulating its inactivation (Figure 1). 

2. The LIF Signaling Pathway and Pluripotency 

2.1. The Role of LIF/STAT-Pathway during P reimplantation Development 

Preimplantation embryos express LIF, LIF[3R and gpl30 mRNA highlighting a possible function of 
the LIF/STAT3-pathway in vivo. However, studies on knockout mouse models indicate that at least the 
early embryonic development can occur also in the absence of some components of the 
LIF-pathway but many of these mouse models then display later on during development or during 
adulthood many different disorders (Table 1). Lif—I- embryos, for instance, develop normally into 
adulthood [4,5] but even though Lif—I- females are fertile, their blastocysts cannot implant due to the 
absence of LIF production by the uterus. This is of note because p53—/— mice display the same 
implantation defects as Lif—/—. Interestingly, development of both p53~h and Lif—I- embryos can be 
rescued by transferring them to a wild-type female [6]. Another example are embryos carrying 
mutations on the LIF[3R, which also develop to term but have alterations in the fetal liver metabolism, 
in the formation of bones, and in the survival of astrocytes and motor neurons in the spinal cord and 
brain stem [7,8]. Last but not least, gpl30-/- embryos are able to develop to blastocysts and to implant 
but die between day 12 to 16 of embryogenesis with cardiac, hematopoietic and neuronal disorders [9]. 

These findings demonstrate that the LIF-pathway is dispensable in vivo during preimplantation. 
However, ESCs are believed to be the in vitro counterpart of the transient pool of pluripotent cells 
present in the early epiblast, but are in contrast to the cells of the embryos, LIF-dependent. 

In mice, a possible explanation for this discrepancy is the existence of a phenomenon called 
diapause. Mice can temporarily arrest embryogenesis at the blastocyst stage thereby overcoming 
suboptimal conditions for reproduction. During diapause the embryos develop to the hatched 
blastocyst stage but stop their development, remaining unimplanted in the uterus. During this period 
that can persist for weeks, the epiblast cells have to be maintained as pluripotent until the development 
of the embryo is restored. Interestingly, diapause-arrested embryos carrying mutations on the LIF[3R 
and the gpl30 receptors fail to restore normal embryogenesis [10]. This highlights the absolute 
requirement for LIF/gpl30 signaling in the epiblast during diapause. ESCs were first established from 
diapause embryos [11] and this could represent a potential explanation why ESCs are LIF dependent. 
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Table 1. Effect of gene targeting and overexpression of leukemia inhibitory factor (LIF) — 
pathway members in vivo and in ESCs. 



Gene/Protein 


KO/overexpression in vivo 


KO/overexpression in ESCs 


Literature 


LIF 


Viable, Lif-h females are fertile, 
but their blastocysts cannot implant. 
LIF overexpression is lethal and 
leads to the absence of differentiated 
mesoderm. Embryos do not undergo 
normal gastrulation. 


Lif-I- ESCs cannot be derived 
under classical culture conditions. 


[12] 
[13] 
[14] 
[4] 


gpl30 


gp!30-/- embryos can survive 
diapause but the epiblast 
compartment is not maintained. 
They die between El 2.5 and El 6 
because of developmental defects. 


gp!30-/- ESCs cannot be derived 
under classical culture conditions. 
Modest gpl30 overexpression 
enhances self-renewal in the 
absence of exogenous LIF, greater 
levels of receptor expression 
increases differentiation. 


[9] 
[10] 
[15] 
[13] 


LIFRP 


Lifr-h embryos die around the time 
of birth with severe deficits in motor 
neuron and glial cell populations. 
Lifr-I- embryos do not survive 
prolonged diapause. 


Lifr—I— ESCs cannot be derived 
under classical culture conditions. 


[16] 
[8] 
[10] 
[13] 


STAT3 


Stat3 null embryos undergo normal 
initial formation and growth of the 
epiblast but gastrulation is disrupted. 


Stat3 null ESCs can only be 
derived under 2i conditions. 
STAT3 overexpression is 
sufficient to maintain ESCs 
pluripotent in absence of LIE. 


[17] 
[18] 
[19] 


SOCS3 


Essential for maintenance of murine 
ESC pluripotency and trophoblast 
differentiation. 


Socs3 null cells show enhanced 
activation of STAT3 and SHP2. 


[20] 
[21] 
[22] 
[23] 
[24] 
[25] 


JAK1 


JAK1 is essential for the 
differentiation of the trophoblast. 
Jak-/- mice die within the first 24 
hours after birth. 


JAK1 is essential for LIF signaling 
in ESCs. 


[25] 
[26] 
[27] 
[28] 


JAK2 


Jak2-/- embryos are anemic and die 
around day 12.5 postcoitum 


Jak2-/~ ESCs are competent for 
LIF signaling. JAK2 plays a role in 
early lineage decision. 


[29] 
[26] 


Shp2 


Shp2 null blastocysts initially 
develop normally, but they 
subsequently exhibit inner cell mass 
death, reduced number of 
trophoblast giant cells, and failure to 
yield trophoblast stem cell lines. 
Homozygous null mutants die at 
embryonic day 10.5 


Deletion of Shp2 in mouse ESCs 
inhibits differentiation. Shp2 null 
ESCs show increased STAT3 
phosphorylation after LIF 
stimulation. 


[30] 
[31] 
[32] 
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2.2. Establishing and Maintaining Pluripotent Stem Cells in vitro 

Pluripotent stem cells harbor two important properties: the capacity of indefinite self-renewal 
in vitro and the ability to contribute to the formation of all cells of an adult organism including the 
generation of functional gametes for genome transmission. Due to their pluripotent state these cells can 
be used for various applications, like the generation of knockout or transgenic animals, and potentially 
as a cell source for cell therapy in regenerative medicine. 

Two types of murine pluripotent stem cells can be derived. The embryonic stem cells (ESCs) which 
are isolated from the inner cell mass (ICM) of blastocyst stage embryos [11,33] and the induced 
pluripotent stem cells (iPSCs), which are generated by reprogramming somatic cells using gene 
transfection [34]. Murine pluripotent ESCs are characterized by the expression of specific cell surface 
glycoproteins such as the stage- specific embryonic antigen 1 (SSEA-1) [35] as well as by the presence 
of transcription factors like OCT3/4 [36,37] and Nanog [38,39]. Furthermore, ESCs express elevated 
levels of alkaline phosphatase and have high telomerase activity [40]. 

It is a combinatorial activity of different signaling pathways that orchestrates the maintenance of 
ESCs in a pluripotent state. For example, it has been shown that bone morphogenetic protein (BMP) 
enhances self -renewal and pluripotency of ESCs in the presence of LIF [41]. Moreover, activation of 
the canonical WNT-pathway was shown to maintain the undifferentiated phenotype in both mouse and 
human ESCs, and to sustain expression of the pluripotency markers like OCT4, REX1 (zinc-finger 
protein-42; ZFP42) and Nanog in the absence of LIF [42]. Furthermore, nutrients and other 
environmental cues, like amino acids [43] and inositols [44], are also involved in the regulation of 
early mouse embryos and ESCs survival. 

2.2. 1 . The Role of LIF in Pluripotent Stem Cells 

Murine ESCs are routinely isolated and maintained in vitro by using mitotically inactivated 
embryonic fibroblasts (feeders) and fetal calf serum. In 1988, LIF was identified as a paracrine signal 
produced from the feeders preventing stem cell differentiation while promoting ESC self-renewal 
[45-47]. In the following years, ESC culture conditions have been constantly improved, so that for 
example, feeders could be substituted through addition of LIF to the medium whereas serum could be 
replaced through addition of BMP [48]. 

Only recently, new defined culture conditions free from feeders, serum and cytokines, were 
established by using a combination of small-chemical molecules, which inhibit the mitogen-activated 
protein kinase (MAPK)/extracellular signal-related kinase (ERK1/2) and the glycogen synthase kinase 3 
(GSK3). Under these conditions (2i), it was possible to maintain self-renewal in the absence of 
LIF/STAT3 stimulation as shown by the fact that in ESCs cultivated under these conditions neither 
STAT3 nor SOCS3 activation was detected. Moreover, the presence of 2i allowed the establishment of 
Stat3 null cells [19]. Nevertheless, addition of LIF to the 2i culture conditions maximizes clonogenic 
self -renewal of ESCs, highlighting once more the importance of LIF in ESC maintenance. 

As mentioned before, in mouse ESCs LIF does not only activate the STAT3 -mediated cascade, but 
also induces the PI3K-pathway and the ERK-pathway. The PI3K-pathway is involved in the 
maintenance of pluripotency [49-51], whereas the ERK-pathway along with the FGF-pathway induces 
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pro-differentiative programs [52,53]. These observations strongly suggest that several LIF induced 
pathways are concomitantly necessary for the maintenance of ESC identity. 

The importance of the LIF-pathway components in derivation and maintenance of ESCs has 
extensively been studied. The LIFR receptor is not sufficient to mediate the signal to maintain ESC 
self -renewal, whereas gpl30 is [54], indicating that gpl30 is the main component of the activated 
LIFR/gpl30 receptor. Moreover, ESCs can be derived and maintained using a combination of 
interleukin-6 and soluble interleukin-6 receptor (IL-6/sIL-6R) [55,56], which induces the 
homodimerization of gpl30 and the activation of signaling processes that sustain self-renewal of 
ESCs. These studies indicate that signals mediated from gpl30 are sufficient for self -renewal. 
Moreover, STAT3 activation is essential for LIFR/gpl30-mediated ESC self -renewal [54] and its 
constitutive expression is sufficient for keeping ESCs pluripotent in the absence of LIF [18]. 
Nevertheless, the downstream components activated by LIF are still not completely understood and 
especially how LIF is mediating the activation of the MAPK- and PDK-pathways has not yet 
been clarified. 

2.2.2. The LIF/STAT-Pathway in Embryonic Stem Cells 

STAT3 activation has previously been shown to be necessary and sufficient to maintain 
self -renewal of mouse ESCs in the presence of serum or serum replacement [18,54,57,58]. Matsuda 
and colleagues used a chimeric STAT3 -modified estrogen receptor (STAT3MER) composed of the 
entire coding region of STAT3 and the ligand -binding domain of the estrogen receptor. Dimerization 
of the chimeric STAT3 was activated after treatment with the estrogen derived 4-hydroxy-tamoxifen 
(OHT). ESCs cultivated in the presence of OHT were able to self -renew in the absence of LIF. The 
importance of STAT3 in ESCs is further supported by the observation that inactivation of Stat3 by a 
dominant interfering mutant (STAT3F) in LIF-maintained ESCs promotes spontaneous differentiation 
[54]. In a recent study, by using the same STAT3 inducible system, we were able to generate ESCs 
from the non-permissive FVB/N mouse strain in the presence of 4-OHT with high efficiency [58], 
highlighting the importance of this factor also in the derivation of ESCs from the ICM of 
the blastocysts. 

Even though these observations provide evidence for the role of STAT3 as an important component 
of the LIF-dependent self-renewal in ESCs, the downstream target genes of activated STAT3 have 
remained elusive. Several studies based on chromatin immunoprecipitation (ChIP) analysis or on 
microarray technology have recently been performed aiming at the identification of these genes 
[58-63]. The transcription factor c-MYC was described to play an important role in self-renewal by 
functioning as a key target of LIF/STAT3 signaling [62]. Constitutive expression of c-Myc renders 
self -renewal independent of LIF [62], a phenomenon that was described also for other genes involved 
in the maintenance of pluripotency, such as Nanog [39], Klf2 [64], Pem/Rhox5 [58,65] and PrameU 
[58,66]. On the other hand expression of a dominant negative form of c-MYC promotes differentiation 
[62]. c-MYC is a transcription factor that controls many different biological processes, such as cell 
proliferation, growth, differentiation and apoptosis. Moreover, c-Myc is, together with OCT3/4, KLF4, 
and SOX2, one of the transcription factors able to reprogram somatic cells into undifferentiated 
iPSCs [34]. 
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A link between STAT3 and other pluripotency related genes has also been described. A recent study 
showed that 55% of the putative STAT3 target genes display binding sites for Nanog, and 41% of the 
putative Nanog target genes display binding sites for STAT3 [67]. These results highlight the fact that 
these transcription factors co-regulate the expression of a large number of target genes involved in the 
maintenance of the undifferentiated state in ESCs. Another study identified 24 STAT3 target genes 
which showed binding sites for STAT3 and/or Nanog. Knockdown of these genes increased 
differentiation of ESCs in LIF-supportive conditions, confirming their contribution to pluripotency 
[63]. Some of the identified genes were already known to be STAT3 targets, like Pim-1 and 
Pim-3 kinases [68] and two genes of the Kriippel-factors family, namely Klf4 and Klf5. Klf4 was 
recently proposed as a downstream target of LIF/STAT3 also by other research groups [64,69]. 
LIF/STAT3 selectively induces Klf4 but its overexpression is not sufficient to sustain prolonged ESC 
self -renewal in the absence of LIF or STAT3 [64]. 

We could recently identify PrameU as a new STAT3 target gene [66]. Ablation of Pramel7 in ESCs 
induces differentiation, while its overexpression is sufficient to support long-term self-renewal in the 
absence of exogenous LIF and suppresses differentiation. LIF-mediated PrameU expression involves 
both STAT3-dependent transcriptional regulation and PDK-dependent phosphorylation of GSK3. 
Pramel7 expression in turn confers constitutive self-renewal and prevents differentiation through 
inactivation of ERK phosphorylation. Moreover, Pramel7 knockdown induced ESC differentiation in 
the presence of LIF and upon forced STAT3 activation, indicating that Pramel7 is a mediator of the 
LIF- and STAT3-dependent maintenance of pluripotency in ESCs. Therefore, Pramel7 represents a 
central and essential factor in the signaling network regulating pluripotency and self-renewal in 
ESCs [66]. 

A further component of the LIF/STAT3-pathway is SOCS3, a STAT3 -dependent repressor that 
attenuates LIF signaling. Different studies showed that SOCS3 is essential for maintenance of murine 
ESC pluripotency and for trophoblast differentiation [21-25]. LIF binding to the LIFR/gpl30 
heterodimer induces auto-phosphorylation of associated JAK1 (pJAKl), which subsequently 
phosphorylates the receptor tyrosines. Upon binding to phosphorylated tyrosines on gpl30, STAT3 
becomes phosphorylated, dimerizes and translocates to the nucleus where it induces transcription of 
SOCS3. SOCS3 binds to phosphorylated tyrosine 757 on gpl30 and may undergo a conformational 
change. SOCS3 then binds to pJAKl and the complex is released from the receptor complex. This 
inhibits further STAT3 activation, as tyrosines within the intracellular domain are no longer being 
phosphorylated by JAK1. SOCS3 bound pJAKl promotes the proteasomal degradation of pJAKl [20]. 

2.2.3. The LIF/ERK/MEK-Pathway 

ERK has been shown to regulate early differentiation in vivo and in vitro [52,70]. Upon LEF 
stimulation, both ERK1 and ERK2 are activated through phosphorylation by SHP-2 [71]. 
Nevertheless, suppression of SHP-2/ERK does not affect the propagation of stem cells, but on the 
contrary enhances ESCs self-renewal [71]. This indicates that SHP-2/ERK signaling activation is 
necessary for the normal differentiation processes. ERK signaling is also involved in the regulation of 
proliferation and survival of somatic cells [72] and in the regulation of early preimplantation 
development. Phosphorylated ERK has been detected from the 2-cell stage embryo until the blastocyst 
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stage [73]. Incubation of 2-cell stage embryos with an ERK inhibitor results in a developmental arrest 
at the four-cell stage embryo, however the development can be restored once the inhibitor is removed 
[74]. This confirms that the ERK-pathway is required for progression of early cell division cycles in 
the preimplantation embryo. Entrance into the Gl phase of the cell cycle is a prerogative for cell 
differentiation. During the development from the 2-cell to the 8-cell stage embryo, ERK signaling 
seems to be essential in the G2/M transition [74]. This is in contrast to what is happening in many 
mammalian cells, where ERK activity is essential for the cell cycle progression from G0/G1 to S phase [75]. 

Interestingly the ERK-pathway may be able to inhibit the JAK/STAT3-pathway at the level of 
STAT3. It has been shown that ESCs knocked out for Shp2 phosphatase after LIF stimulation showed 
an increased phosphorylation of STAT3 when compared to wild-type cells [31]. This data supports the 
evidence that the two pathways seem to converge and thereby determine the choice between 
self -renewal and differentiation (Figure 1). 

2.2.4. The LIF/PI3K-Pathway 

In ESCs the LIF/PI3K-pathway was initially implicated in the control of proliferation [76,77]. Later 
it could be demonstrated that LIF-induced PI3K signal activation is also involved in ESC 
self -renewal [51]. Incubation of ESCs with LIF and LY294002, a small chemical inhibitor of PI3K, 
showed a reduced ability of LIF to promote self-renewal and a reduction of alkaline phosphatase 
positive cells. Since under these conditions no changes in the phosphorylation levels of STAT3 could 
be detected, the observed loss of self-renewal and the consequent differentiation of the cells were 
explained by an increase in ERK phosphorylation upon LIF stimulation [51]. These findings are 
consistent with other studies where it was reported that PI3K plays a role in negatively regulating ERK 
activity in ESCs [78]. Paling et al. demonstrated that self -renewal was restored after incubation with 
both ERK and PI3K inhibitor, therefore confirming that the regulation of ERK activity by PI3K 
signaling contributes to the determination of ESCs self -renewal [51]. 

The importance of PI3K/AKT signaling in the regulation of ESCs is also corroborated by the fact 
that expression of a myristoylated active form of AKT liberates ESCs from LIF -dependence. These 
cells showed no alteration in the level of phosphorylated STAT3 compared to the control cells, but 
interestingly exhibited increased ERK phosphorylation [50]. These findings are in contrast with the 
results from Paling et al. [51] indicating that increased ERK phosphorylation upon PI3K inhibition 
leads to differentiation. 

Wnt blocks proteasome-mediated degradation of [3-catenin through the inhibition of GSK3[3 (for 
review see [79,80]). Additionally, [3-catenin signaling has also been postulated to be involved in the 
AKT-mediated maintenance of the undifferentiated state. Although in transgenic ESCs expressing a 
constitutive active form of AKT, GSK3[3 phosphorylation was enhanced, [3-catenin signaling was not 
activated. It was therefore concluded that AKT-dependent maintenance of the undifferentiated state in 
ESCs was independent from the Wnt/[3-catenin signaling [50]. Long-term treatment of ESCs with the 
PI3K inhibitor LY294002 was shown to inhibit the proliferation and to induce cell cycle arrest at the 
Gl phase [77]. The PI3K/AKT is known to control cell-cycle regulation, where AKT promotes the 
Gl/S-phase transition by facilitating the formation of cyclin/CDK complexes [3]. ESCs lack cell-cycle 
inhibitory mechanisms, which are typical of differentiated cells. They acquire these mechanisms only 
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upon withdrawal of LIF and consequent differentiation of the cells [81]. It is therefore possible that the 
AKT- mediated maintenance of self-renewal in ESCs is due to its ability to block the cell-cycle 
inhibitory mechanisms and consequently block differentiation [50]. Recently, it was shown that AKT1 
interacts with and phosphorylates SOX2 at a highly conserved threonine residue in self-renewing 
mouse ESCs. This modification leads to an enhanced transcriptional activity and to an increase in 
SOX2 protein which accumulates in the nucleus [82]. 

2.3. LIF/STAT3 and Reprogramming 

Genome-wide epigenetic reprogramming occurs during normal mammalian development and 
consists in the erasure and remodeling of epigenetic marks, such as DNA methylation. This process is 
typically linked to the reversal of differentiation and can be exploited to re-establish the pluripotent 
state typical of ESCs. In the past years several reprogramming systems have been developed to restore 
pluripotency in somatic cells. The two most widely used methodologies are the somatic nuclear 
transfer (SCNT) and the generation of induced pluripotent stem cells (iPSCs). The first technology 
consists in the transfer of a somatic nucleus into an oocyte. Oocytes or zygotes are able to erase 
epigenetic information from the somatic nucleus [83-85]. Reconstituted embryos are able to proceed 
through the cleavage stages into the blastocyst stage. The success rate of SCNT is nevertheless 
extremely low. A more elegant way of reprogramming was recently introduced by Takahashi and 
Yamanaka [34,86,87]. This technology consists in the transfection of differentiated cells with the 
master transcriptional regulators Oct3/4 (Pou5fl) and Sox2, in combination with c-Myc and Klf4. This 
work was followed by a number of further publications from different laboratories that contributed to 
various improvements of the original protocol. Meanwhile several different combinations of 
transcription factors have been shown to be sufficient to induce reprogramming. For example, the 
combinations of Nr5a2, Sox2, Klf4, and c-Myc [88] or Oct3/4, Nanog, Klf4, and c-Myc or Oct4, Sox2, 
Nanog, and Lin28 [89] were described. Nevertheless, the in vitro reprogramming process is still very 
inefficient and requires considerably more time than the reprogramming processes that occur in vivo. 
Further analysis of the mechanisms underlying reprogramming in vivo and in vitro are needed in order 
to improve this technology. 

After transduction of the reprogramming factors and throughout the reprogramming process, the 
cells need to be maintained in the presence of LIF. Until recently it was unclear if LIF and its 
downstream target STAT3 maximize the self-renewal of the newly generated iPSCs or do have an 
active role in the reprogramming process. In a recent work, Yang and colleagues demonstrated that 
STAT3 cooperates with the reprogramming factors and directly contributes to the induction and 
reactivation of the endogenous pluripotency network to generate iPSCs [90]. The authors of this study 
used an engineered chimeric GCSFR/gpl30 receptor that combines the binding domain of the 
granulocyte colony-stimulating factor (GCSF) receptor with the transmembrane and a mutated 
cytoplasmic domain of the LIFR. This chimeric receptor lacks the binding site for the negative 
feedback regulator SOCS3 and can signal only via JAK7STAT3 activation and not through the 
MAPK/ERK- and PI3K-pathways. GCSF-induced STAT3 activation was shown to promote not only 
epiblast stem cell (EpiSC) to ESC conversion but also to increase the efficiency of generating 
Oct4-GFP+ cells from the partially reprogrammed iPSC line in cooperation with 2i. 
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Interestingly, phosphorylation of STAT3 did not result in the immediate induction of the 
pluripotency factors Nanog or Klf4 suggesting that the contribution of STAT3 in creating a poised state 
for reprogramming is obtained through the activation of additional target genes, which have not been 
identified yet. 

The role of LIF/STAT3 is still elusive also in the maintenance of iPSCs. In ESCs, the 
overexpression of STAT3 is sufficient to maintain ESCs pluripotent in the absence of LIF [18]. We 
generated iPSCs from fibroblasts overexpressing a tamoxifen inducible form of STAT3 (STAT3MER) 
and determined the iPSC- stability in culture by cultivating the cells under four different culture 
conditions (+LIF+OHT/+LIF - OHT/ - LIF+OHT/ - LIF - OHT) . As expected, the cells cultivated in the 
presence of LIF were able to self-renew, whereas iPSCs maintained in the absence of LIF 
differentiated. Interestingly cells cultivated in medium supplemented with OHT but not LIF, were able 
to maintain their pluripotent state, as shown by SSEA-1 and OCT3/4 immunohistochemical analysis 
(Figure 2) and alkaline phosphatase activity. These findings clearly highlight the similarity between 
ESCs and iPSCs in respect to their LIF/STAT3 dependence. 

Figure 2. IHC staining of induced pluripotent stem cell (iPSC) clones expressing 
STAT3MER after 9 days in different culture conditions. iPSCs cultivated on Lif-h feeders 
either in the presence of LIF, or LIF and OHT, or OHT alone were able to maintain their 
pluripotent state. Cells cultivated without LIF and OHT differentiated. Positive control: 
E14 ESCs cultivated in presence of LIF. Scale bar: 100 um for 20x and 200 um for 
lOx pictures. 
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3. Experimental Section 

3.1. Generation and Cultivation of STAT3-MER iPSCs 

iPSCs cells were obtained by retroviral infection of STAT3MER mouse embryonic fibroblasts 
(MEFs) obtained from FVB/N STAT3MER (Tg743) [58] by using the pMXs-based retroviral 
reprogramming system [86,87]. Wild type and STAT3MER- expressing iPSC clones were seeded on 
LIF-/- feeders and cultivated in medium with or without LIF and in the presence or absence of 
4-hydroxy tamoxifen (Sigma). After 9 days in culture, cells were fixed and stained for pluripotency 
markers SSEA-1 and OCT3/4. 

3.2. Immunohistochemical Analysis of STAT3-MER iPSCs 

ESCs were fixed in 4% paraformaldehyde and incubated overnight at 4 °C with primary antibodies 
against OCT3/4 (rabbit anti OCT3/4, Santa Cruz Biotechnology) and SSEA-1 (Mouse mAb, Chemicon 
International). Secondary fluorescence labeled antibodies were used for detection (anti rabbit Alexa 
Fluor 594 and anti mouse Alexa Fluor 488, Molecular Probes). Nuclei of the cells were counterstained 
with DAPI (Roche). 

4. Conclusions 

In this review article, we summarized the actual knowledge on the importance of LIF in the 
maintenance of pluripotency and self-renewal in embryonic and induced pluripotent stem cells. The 
work performed over the past two decades by different research groups all over the world has 
identified the LIF-pathway as a crucial element for the regulation of self-renewal and for the 
maintenance of pluripotency in ESCs and iPSCs. Nevertheless, even though the LIF-mediated 
pathways in ESCs were extensively studied the precise mechanisms how they are regulated still remain 
unclear. Especially the role of STAT3 in reprogramming requires further analysis. The fact that Stat3 
activation during reprogramming does not result in the immediate induction of its known target genes 
is of interest, suggesting that the contribution of STAT3 in this process is obtained through the 
regulation of additional target genes. The identification of these genes and the further characterization 
of the mechanisms involved in maintenance of stem cells will be an important goal for the future. 
These studies are of major interest because ESCs and iPSCs have great potential for therapeutic 
applications, especially for tissue engineering, regenerative medicine and cell therapy. 

Acknowledgements 

We thank the Swiss National Science Foundation (Grant 31003A-1 18361) and the 
"Forschungskredit" of the University of Zurich for supporting our work. We apologize to those 
colleagues whose work was not cited due to space limitations. The authors declare that they have no 
competing financial interests. 



Genes 2011, 2 



291 



References 

1. Fukada, T.; Hibi, M.; Yamanaka, Y.; Takahashi-Tezuka, M.; Fujitani, Y.; Yamaguchi, T.; 
Nakajima, K.; Hirano, T. Two signals are necessary for cell proliferation induced by a cytokine 
receptor gpl30: Involvement of STAT3 in anti-apoptosis. Immunity 1996, 5, 44SM-60. 

2. Takahashi-Tezuka, M.; Yoshida, Y.; Fukada, T.; Ohtani, T.; Yamanaka, Y.; Nishida, K.; 
Nakajima, K.; Hibi, M.; Hirano, T. Gabl acts as an adapter molecule linking the cytokine receptor 
gpl30 to ERK mitogen-activated protein kinase. Mol. Cell Biol. 1998, 18, 4109-41 17. 

3. Brazil, D.P.; Yang, Z.-Z.; Hemmings, B.A. Advances in protein kinase B signalling: AKTion on 
multiple fronts. Trends Biochem. Sci. 2004, 29, 233-242. 

4. Stewart, C.L.; Kaspar, P.; Brunet, L.J.; Bhatt, H.; Gadi, I.; Kontgen, F.; Abbondanzo, S.J. 
Blastocyst implantation depends on maternal expression of leukaemia inhibitory factor. Nature 
1992, 359, 76-79. 

5. Dani, C; Chambers, I.; Johnstone, S.; Robertson, M.; Ebrahimi, B.; Saito, M.; Taga, T.; Li, M.; 
Burdon, T.; Nichols, J.; Smith, A. Paracrine induction of stem cell renewal by LIF-deficient cells: 
A new ES cell regulatory pathway. Dev. Biol. 1998, 203, 149-162. 

6. Hu, W.; Feng, Z.; Teresky, A.K.; Levine, A.J. p53 regulates maternal reproduction through LIF. 
Nature 2007, 450, 721-724. 

7. Ware, C.B.; Horowitz, M.C.; Renshaw, B.R.; Hunt, J.S.; Liggitt, D.; Koblar, S.A.; Gliniak, B.C.; 
McKenna, H.J.; Papayannopoulou, T.; Thoma, B.; et al. Targeted disruption of the low-affinity 
leukemia inhibitory factor receptor gene causes placental, skeletal, neural and metabolic defects 
and results in perinatal death. Development 1995, 121, 1283-1299. 

8. Li, M.; Sendtner, M.; Smith, A. Essential function of LIF receptor in motor neurons. Nature 1995, 
378, 724-727. 

9. Yoshida, K.; Taga, T.; Saito, M.; Suematsu, S.; Kumanogoh, A.; Tanaka, T.; Fujiwara, H.; Hirata, 
M.; Yamagami, T.; Nakahata, T.; Hirabayashi, T.; Yoneda, Y.; Tanaka, K.; Wang, W.Z.; Mori, 
C; Shiota, K.; Yoshida, N.; Kishimoto, T. Targeted disruption of gpl30, a common signal 
transducer for the interleukin 6 family of cytokines, leads to myocardial and hematological 
disorders. Proc. Natl. Acad. Sci. USA 1996, 93, 407-411. 

10. Nichols, J.; Chambers, I.; Taga, T.; Smith, A. Physiological rationale for responsiveness of mouse 
embryonic stem cells to gpl30 cytokines. Development 2001, 128, 2333-2339. 

11. Evans, M.J.; Kaufman, M.H. Establishment in culture of pluripotential cells from mouse embryos. 
Nature 1981, 292, 154-156. 

12. Escary, J.L.; Perreau, J.; Dumenil, D.; Ezine, S.; Brulet, P. Leukaemia inhibitory factor is 
necessary for maintenance of haematopoietic stem cells and thymocyte stimulation. Nature 1993, 
363, 361-364. 

13. Boiani, M.; Scholer, H.R. Regulatory networks in embryo -derived pluripotent stem cells. Nat. 
Rev. Mol. Cell Biol. 2005, 6, 872-884. 

14. Conquet, F.; Peyrieras, N.; Tiret, L.; Brulet, P. Inhibited gastrulation in mouse embryos 
overexpressing the leukemia inhibitory factor. Proc. Natl. Acad. Sci. USA 1992, 89, 8195-8199. 



Genes 2011, 2 



292 



15. Mahdavi, A.; Davey, R.E.; Bhola, P.; Yin, T.; Zandstra, P.W. Sensitivity analysis of intracellular 
signaling pathway kinetics predicts targets for stem cell fate control. PLoS Comput. Biol. 2007, 3, 
el30. 

16. Ware, C.B.; Horowitz, M.C.; Renshaw, B.R.; Hunt, J.S.; Liggitt, D.; Koblar, S.A.; Gliniak, B.C.; 
McKenna, H.J.; Papayannopoulou, T.; Thoma, B. Targeted disruption of the low-affinity 
leukemia inhibitory factor receptor gene causes placental, skeletal, neural and metabolic defects 
and results in perinatal death. Development 1995, 121, 1283-1299. 

17. Takeda, K.; Noguchi, K.; Shi, W.; Tanaka, T.; Matsumoto, M.; Yoshida, N.; Kishimoto, T.; 
Akira, S. Targeted disruption of the mouse Stat3 gene leads to early embryonic lethality. Proc. 
Natl. Acad. Set USA 1997, 94, 3801-3804. 

18. Matsuda, T.; Nakamura, T.; Nakao, K.; Arai, T.; Katsuki, M.; Heike, T.; Yokota, T. STAT3 
activation is sufficient to maintain an undifferentiated state of mouse embryonic stem cells. 
Embo. J. 1999, 18, 4261-4269. 

19. Ying, Q.-L.; Wray, J.; Nichols, J.; Batlle-Morera, L.; Doble, B.; Woodgett, J.; Cohen, P.; Smith, 
A. The ground state of embryonic stem cell self-renewal. Nature 2008, 453, 519-523. 

20. Boyle, K.; Zhang, J.; Nicholson, S.; Trounson, E.; Babon, J.; McManus, E.; Nicola, N.; Robb, L. 
Deletion of the SOCS box of suppressor of cytokine signaling 3 (SOCS3) in embryonic stem cells 
reveals SOCS box-dependent regulation of JAK but not STAT phosphorylation. Cell Signal. 
2008, 21, 394-404. 

21. Duval, D.; Reinhardt, B.; Kedinger, C; Boeuf, H. Role of suppressors of cytokine signaling 
(Socs) in leukemia inhibitory factor (LIF) -dependent embryonic stem cell survival. Faseb J. 
2000, 14, 1577-1584. 

22. Li, Y.; McClintick, J.; Zhong, L.; Edenberg, H.J.; Yoder, M.C.; Chan, R.J. Murine embryonic 
stem cell differentiation is promoted by SOCS-3 and inhibited by the zinc finger transcription 
factor Klf4. Blood 2005, 105, 635-637. 

23. Forrai, A.; Boyle, K.; Hart, A.H.; Hartley, L.; Rakar, S.; Willson, T.A.; Simpson, K.M.; Roberts, 
A.W.; Alexander, W.S.; Voss, A.K.; Robb, L. Absence of suppressor of cytokine signalling 3 
reduces self -renewal and promotes differentiation in murine embryonic stem cells. Stem Cells 
2006, 24, 604-614. 

24. Takahashi, Y.; Carpino, N.; Cross, J.C.; Torres, M.; Parganas, E.; Uile, J.N. SOCS3: An essential 
regulator of LIF receptor signaling in trophoblast giant cell differentiation. EMBO J. 2003, 22, 
372-384. 

25. Takahashi, Y.; Takahashi, M.; Carpino, N.; Jou, S.-T.; Chao, J.-R.; Tanaka, S.; Shigeyoshi, Y.; 
Parganas, E.; Ihle, J.N. Leukemia inhibitory factor regulates trophoblast giant cell differentiation 
via Janus kinase 1-signal transducer and activator of transcription 3-suppressor of cytokine 
signaling 3 pathway. Mol. Endocrinol. 2008, 22, 1673-1681. 

26. Chung, B.M.; Kang, H.C.; Han, S.Y.; Heo, H.S.; Lee, J.J.; Jeon, J.; Lim, J.Y.; Shin, I.; Hong, 
S.H.; Cho, Y.S.; Kim, C.G. Jak2 and Tyk2 are necessary for lineage- specific differentiation, but 
not for the maintenance of self-renewal of mouse embryonic stem cells. Biochem. Biophys. Res. 
Commun. 2006, 351, 682-688. 



Genes 2011, 2 



293 



27. Ernst, M.; Oates, A.; Dunn, A.R. Gpl30-mediated signal transduction in embryonic stem cells 
involves activation of Jak and Ras/mitogen-activated protein kinase pathways. J. Biol. Chem. 
1996, 277, 30136-30143. 

28. Rodig, S.J.; Meraz, M.A.; White, J.M.; Lampe, P.A.; Riley, J.K.; Arthur, CD.; King, K.L.; 
Sheehan, K.C.; Yin, L.; Pennica, D.; Johnson, E.M.; Schreiber, R.D. Disruption of the Jakl gene 
demonstrates obligatory and nonredundant roles of the Jaks in cytokine-induced biologic 
responses. Cell 1998, 93, 373-383. 

29. Neubauer, H.; Cumano, A.; Miiller, M.; Wu, H.; Huffstadt, U.; Pfeffer, K. Jak2 deficiency defines 
an essential developmental checkpoint in definitive hematopoiesis. Cell 1998, 93, 397-409. 

30. Yang, W.; Klaman, L.D.; Chen, B.; Araki, T.; Harada, H.; Thomas, S.M.; George, E.L.; Neel, 
B.G. An Shp2/SFK7Ras/Erk signaling pathway controls trophoblast stem cell survival. Dev. Cell. 
2006,70,317-327. 

31. Chan, R.J.; Johnson, S.A.; Li, Y.; Yoder, M.C.; Feng, G.-S. A definitive role of Shp-2 tyrosine 
phosphatase in mediating embryonic stem cell differentiation and hematopoiesis. Blood 2003, 
102, 2074-2080. 

32. Wu, D.; Pang, Y.; Ke, Y.; Yu, J.; He, Z.; Tautz, L.; Mustelin, T.; Ding, S.; Huang, Z.; Feng, G.-S. 
A conserved mechanism for control of human and mouse embryonic stem cell pluripotency and 
differentiation by shp2 tyrosine phosphatase. PLoS ONE 2009, 4, e4914. 

33. Martin, GR. Isolation of a pluripotent cell line from early mouse embryos cultured in medium 
conditioned by teratocarcinoma stem cells. Proc. Natl. Acad. Sci. USA 1981, 78, 7634-7638. 

34. Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult 
fibroblast cultures by defined factors. Cell 2006, 126, 663-676. 

35. Solter, D.; Knowles, B.B. Monoclonal antibody defining a stage-specific mouse embryonic 
antigen (SSEA-1). Proc. Natl. Acad. Sci. USA 1978, 75, 5565-5569. 

36. Scholer, H.R. Octamania: The POU factors in murine development. Trends Genet. 1991, 7, 
323-329. 

37. Scholer, H.R.; Balling, R.; Hatzopoulos, A.K.; Suzuki, N.; Gruss, P. Octamer binding proteins 
confer transcriptional activity in early mouse embryo genesis. EMBO J. 1989, 8, 2551-2557. 

38. Mitsui, K.; Tokuzawa, Y.; Itoh, H.; Segawa, K.; Murakami, M.; Takahashi, K.; Maruyama, M.; 
Maeda, M.; Yamanaka, S. The homeoprotein Nanog is required for maintenance of pluripotency 
in mouse epiblast and ES cells. Cell 2003, 113, 631-642. 

39. Chambers, I.; Colby, D.; Robertson, M.; Nichols, J.; Lee, S.; Tweedie, S.; Smith, A. Functional 
expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem cells. Cell 2003, 
113, 643-655. 

40. Thomson, J.A.; Itskovitz-Eldor, J.; Shapiro, S.S.; Waknitz, M.A.; Swiergiel, J.J.; Marshall, V.S.; 
Jones, J.M. Embryonic stem cell lines derived from human blastocysts. Science 1998, 282, 
1145-1147. 

41. Ying, Q.L.; Nichols, J.; Chambers, I.; Smith, A. BMP induction of Id proteins suppresses 
differentiation and sustains embryonic stem cell self-renewal in collaboration with STAT3. Cell 
2003,775, 281-292. 



Genes 2011, 2 



294 



42. Sato, N.; Meijer, L.; Skaltsounis, L.; Greengard, P.; Brivanlou, A.H. Maintenance of pluripotency 
in human and mouse embryonic stem cells through activation of Wnt signaling by a 
pharmacological GSK- 3 -specific inhibitor. Nat. Med. 2004, 10, 55-63. 

43. Tang, H.; Hornstein, E.; Stolovich, M.; Levy, G.; Livingstone, M.; Templeton, D.; Avruch, J.; 
Meyuhas, O. Amino acid-induced translation of TOP mRNAs is fully dependent on 
phosphatidylinositol 3-kinase-mediated signaling, is partially inhibited by rapamycin, and is 
independent of S6K1 and rpS6 phosphorylation. Mol. Cell Biol. 2001, 21, 8671-8683. 

44. Meyuhas, O. Synthesis of the translational apparatus is regulated at the translational level. Eur. J. 
Biochem. 2000, 267, 6321-6330. 

45. Smith, A.G; Heath, J.K.; Donaldson, D.D.; Wong, G.G; Moreau, J.; Stahl, M.; Rogers, D. 
Inhibition of pluripotential embryonic stem cell differentiation by purified polypeptides. Nature 
1988, 336, 688-690. 

46. Gearing, D.P.; Gough, N.M.; King, J.A.; Hilton, D.J.; Nicola, N.A.; Simpson, R.J.; Nice, E.C.; 
Kelso, A.; Metcalf, D. Molecular cloning and expression of cDNA encoding a murine myeloid 
leukaemia inhibitory factor (LIF). EMBO J. 1987, 6, 3995-4002. 

47. Williams, R.L.; Hilton, D.J.; Pease, S.; Willson, T.A.; Stewart, C.L.; Gearing, D.P.; Wagner, E.F.; 
Metcalf, D.; Nicola, N.A.; Gough, N.M. Myeloid leukaemia inhibitory factor maintains the 
developmental potential of embryonic stem cells. Nature 1988, 336, 684-687. 

48. Ying, Q.-L.; Smith, A.G. Defined conditions for neural commitment and differentiation. Meth. 
Enzymol. 2003, 365, 327-341. 

49. Storm, M.P.; Bone, H.K.; Beck, C.G.; Bourillot, P.-Y.; Schreiber, V.; Damiano, T.; Nelson, A.; 
Savatier, P.; Welham, M.J. Regulation of Nanog expression by phosphoinositide 3-kinase- 
dependent signaling in murine embryonic stem cells. J. Biol. Chem. 2007, 282, 6265-6273. 

50. Watanabe, S.; Umehara, H.; Murayama, K; Okabe, M.; Kimura, T.; Nakano, T. Activation of Akt 
signaling is sufficient to maintain pluripotency in mouse and primate embryonic stem cells. 
Oncogene 2006, 25, 2691-2101. 

51. Paling, N.R.D.; Wheadon, H.; Bone, H.K.; Welham, M.J. Regulation of embryonic stem cell 
self-renewal by phosphoinositide 3-kinase-dependent signaling. J. Biol. Chem. 2004, 279, 
48063-48070. 

52. Kunath, T.; Saba-El-Leil, M.K.; Almousailleakh, M.; Wray, J.; Meloche, S.; Smith, A. FGF 
stimulation of the Erkl/2 signalling cascade triggers transition of pluripotent embryonic stem cells 
from self-renewal to lineage commitment. Development 2007, 134, 2895-2902. 

53. Boeuf, H.; Merienne, K.; Jacquot, S.; Duval, D.; Zeniou, M.; Hauss, C.; Reinhardt, B.; 
Huss-Garcia, Y.; Dierich, A.; Frank, DA.; Hanauer, A.; Kedinger, C. The ribosomal S6 kinases, 
cAMP-responsive element-binding, and STAT3 proteins are regulated by different leukemia 
inhibitory factor signaling pathways in mouse embryonic stem cells. J. Biol. Chem. 2001, 276, 
46204-46211. 

54. Niwa, H.; Burdon, T.; Chambers, I.; Smith, A. Self -renewal of pluripotent embryonic stem cells is 
mediated via activation of STAT3. Genes Dev. 1998, 12, 2048-2060. 

55. Yoshida, K; Chambers, I.; Nichols, J.; Smith, A.; Saito, M.; Yasukawa, K; Shoyab, M.; Taga, T.; 
Kishimoto, T. Maintenance of the pluripotential phenotype of embryonic stem cells through direct 
activation of gpl30 signalling pathways. Mech. Dev. 1994, 45, 163-171. 



Genes 2011, 2 



295 



56. Nichols, J.; Chambers, I.; Smith, A. Derivation of germline competent embryonic stem cells with 
a combination of interleukin-6 and soluble interleukin-6 receptor. Exp. Cell Res. 1994, 215, 
237-239. 

57. Raz, R.; Lee, C.K.; Cannizzaro, L.A.; d'Eustachio, P.; Levy, D.E. Essential role of STAT3 for 
embryonic stem cell pluripotency. Proc. Natl. Acad .Sci. USA 1999, 96, 2846-2851. 

58. Cinelli, P.; Casanova, E.A.; Uhlig, S.; Lochmatter, P.; Matsuda, T.; Yokota, T.; Riilicke, T.; 
Ledermann, B.; Biirki, K. Expression profiling in transgenic FVB/N embryonic stem cells 
overexpressing STAT3. BMC Dev. Biol. 2008, 8, 57. 

59. Xie, X.; Chan, K.; Cao, F.; Huang, M.; Li, Z.; Lee, A.; Weissman, I.; Wu, J. Imaging of STAT3 
Signaling Pathway During Mouse Embryonic Stem Cell Differentiation. Stem Cells Dev. 2008, 
18, 205-214. 

60. Trouillas, M.; Saucourt, C; Guillotin, B.; Gauthereau, X.; Ding, L.; Buchholz, F.; Doss, M.X.; 
Sachinidis, A.; Hescheler, J.; Hummel, O.; Huebner, N.; Kolde, R.; Vilo, J.; Schultz, H.; Boeuf, 
H. Three LIF-dependent signatures and gene clusters with atypical expression profiles, identified 
by transcriptome studies in mouse ES cells and early derivatives. BMC Genomics 2009, 10, 73. 

61. Sekkai, D.; Gruel, G.; Herry, M.; Moucadel, V.; Constantinescu, S.N.; Albagli, O.; Tronik-Le 
Roux, D.; Vainchenker, W.; Bennaceur-Griscelli, A. Microarray analysis of LIF/Stat3 
transcriptional targets in embryonic stem cells. Stem Cells 2005, 23, 1634-1642. 

62. Cartwright, P.; McLean, C; Sheppard, A.; Rivett, D.; Jones, K.; Dalton, S. LIF/STAT3 controls 
ES cell self-renewal and pluripotency by a Myc-dependent mechanism. Development 2005, 132, 
885-896. 

63. Bourillot, P.; Aksoy, I.; Schreiber, V.; Wianny, F.; Schulz, H.; Hummel, O.; Hubner, N.; Savatier, 
P. Novel STAT3 target genes exert distinct roles in the inhibition of mesoderm and endoderm 
differentiation in cooperation with Nanog. Stem Cells 2009, 10.1002/stem.llO. 

64. Hall, J.; Guo, G.; Wray, J.; Eyres, I.; Nichols, J.; Grotewold, L.; Morfopoulou, S.; Humphreys, P.; 
Mansfield, W.; Walker, R.; Tomlinson, S.; Smith, A. Oct4 and LIF/Stat3 Additively Induce 
Kriippel Factors to Sustain Embryonic Stem Cell Self-Renewal. Cell Stem Cell 2009, 5, 597-609. 

65. Fan, Y.; Melhem, M.F.; Chaillet, J.R. Forced expression of the homeobox-containing gene Pern 
blocks differentiation of embryonic stem cells. Dev. Biol. 1999, 210, 481-496. 

66. Casanova, E.A.; Shakhova, O.; Patel, S.S.; Asner, I.N.; Pelczar, P.; Weber, F.A.; Graf, U.; 
Sommer, L.; Biirki, K.; Cinelli, P. Pramel7 Mediates LIF/STAT3 Dependent Self-Renewal in 
Embryonic Stem Cells. Stem Cells 2010, 10.1002/stem.588. 

67. Chen, X.; Xu, H.; Yuan, P.; Fang, F.; Huss, M.; Vega, V.B.; Wong, E.; Orlov, Y.L.; Zhang, W.; 
Jiang, J.; Loh, Y.-H.; Yeo, H.C.; Yeo, Z.X.; Narang, V.; Govindarajan, K.R.; Leong, B.; Shahab, 
A.; Ruan, Y.; Bourque, G.; Sung, W.-K.; Clarke, N.D.; Wei, C.-L.; Ng, H.-H. Integration of 
external signaling pathways with the core transcriptional network in embryonic stem cells. Cell 
2008, 133, 1106-1117. 

68. Aksoy, I.; Sakabedoyan, C; Bourillot, P.-Y.; Malashicheva, A.B.; Mancip, J.; Knoblauch, K.; 
Afanassieff, M.; Savatier, P. Self -renewal of murine embryonic stem cells is supported by the 
serine/threonine kinases pim-1 and pim-3. Stem Cells 2007, 25, 2996-3004. 

69. Niwa, H.; Ogawa, K.; Shimosato, D.; Adachi, K. A parallel circuit of LIF signalling pathways 
maintains pluripotency of mouse ES cells. Nature 2009, 460, 118-122. 



Genes 2011, 2 



296 



70. Nichols, J.; Silva, J.; Roode, M.; Smith, A. Suppression of Erk signalling promotes ground state 
pluripotency in the mouse embryo. Development 2009, 136, 3215-3222. 

71. Burdon, T.; Stracey, C; Chambers, I.; Nichols, J.; Smith, A. Suppression of SHP-2 and ERK 
signalling promotes self-renewal of mouse embryonic stem cells. Dev. Biol. 1999, 210, 30-43. 

72. Lloyd, A.C. Ras versus cyclin-dependent kinase inhibitors. Curr. Opin. Genet. Dev. 1998, 8, 
43-48. 

73. Wang, Y.; Wang, F.; Sun, T.; Trostinskaia, A.; Wygle, D.; Puscheck, E.; Rappolee, DA. Entire 
mitogen activated protein kinase (MAPK) pathway is present in preimplantation mouse embryos. 
Dev. Dyn. 2004, 231, 72-87. 

74. Maekawa, M.; Yamamoto, T.; Kohno, M.; Takeichi, M.; Nishida, E. Requirement for ERK MAP 
kinase in mouse preimplantation development. Development 2007, 134, 2751-2759. 

75. Lewis, T.S.; Shapiro, P.S.; Ahn, N.G. Signal transduction through MAP kinase cascades. Adv. 
Cancer Res. 1998, 74, 49-139. 

76. Takahashi, K; Mitsui, K; Yamanaka, S. Role of ERas in promoting tumour-like properties in 
mouse embryonic stem cells. Nature 2003, 423, 541-545. 

77. Jirmanova, L.; Afanassieff, M.; Gobert-Gosse, S.; Markossian, S.; Savatier, P. Differential 
contributions of ERK and PI3-kinase to the regulation of cyclin Dl expression and to the control 
of the Gl/S transition in mouse embryonic stem cells. Oncogene 2002, 21, 5515-5528. 

78. Hallmann, D.; Triimper, K; Trusheim, H.; Ueki, K; Kahn, C.R.; Cantley, L.C.; Fruman, DA.; 
Horsch, D. Altered signaling and cell cycle regulation in embryonal stem cells with a disruption 
of the gene for phosphoinositide 3-kinase regulatory subunit p85alpha. J. Biol. Chem. 2003, 278, 
5099-5108. 

79. Moon, R.T.; Kohn, A.D.; De Ferrari, G.V.; Kaykas, A. WNT and beta-catenin signalling: 
Diseases and therapies. Nat. Rev. Genet. 2004, 5, 691-701. 

80. Nelson, W.J.; Nusse, R. Convergence of Wnt, beta-catenin, and cadherin pathways. Science 2004, 
303, 1483-1487. 

81. Burdon, T.; Smith, A.; Savatier, P. Signalling, cell cycle and pluripotency in embryonic stem 
cells. Trends Cell. Biol. 2002, 12, 432^138. 

82. Jeong, C.-H.; Cho, Y.-Y.; Kim, M.-O.; Kim, S.-H.; Cho, E.-J.; Lee, S.-Y.; Jeon, Y.-J.; Lee, K.Y.; 
Yao, K; Keum, Y.-S.; Bode, A.M.; Dong, Z. Phosphorylation of Sox2 cooperates in 
reprogramming to pluripotent stem cells. Stem Cells 2010, 28, 2141-2150. 

83. Wilmut, I.; Schnieke, A.E.; McWhir, J.; Kind, A.J.; Campbell, K.H. Viable offspring derived 
from fetal and adult mammalian cells. Nature 1997, 385, 810-813. 

84. Egli, D.; Rosains, J.; Birkhoff, G.; Eggan, K. Developmental reprogramming after chromosome 
transfer into mitotic mouse zygotes. Nature 2007, 447, 679-685. 

85. Wakayama, T.; Perry, A.C; Zuccotti, M.; Johnson, K.R.; Yanagimachi, R. Full-term development 
of mice from enucleated oocytes injected with cumulus cell nuclei. Nature 1998, 394, 369-3'/ '4. 

86. Takahashi, K; Okita, K.; Nakagawa, M.; Yamanaka, S. Induction of pluripotent stem cells from 
fibroblast cultures. Nat. Protoc. 2007, 2, 3081-3089. 

87. Takahashi, K; Tanabe, K; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K; Yamanaka, S. 
Induction of pluripotent stem cells from adult human fibroblasts by defined factors. Cell 2007, 
131, 861-872. 



Genes 2011, 2 



297 



88. Heng, J.-C.D.; Feng, B.; Han, J.; Jiang, J.; Kraus, P.; Ng, J.-H.; Orlov, Y.L.; Huss, M.; Yang, L.; 
Lufkin, T.; Lim, B.; Ng, H.-H. The Nuclear Receptor Nr5a2 Can Replace Oct4 in the 
Reprogramming of Murine Somatic Cells to Pluripotent Cells. Cell Stem Cell 2010, 6, 167-17 '4. 

89. Okita, K.; Nakagawa, M.; Hyenjong, H.; Ichisaka, T.; Yamanaka, S. Generation of Mouse 
Induced Pluripotent Stem Cells without Viral Vectors. Science 2008, 322, 949-953. 

90. Yang, J.; van Oosten, A.L.; Theunissen, T.W.; Guo, G.; Silva, J.C.R.; Smith, A. Stat3 Activation 
Is Limiting for Reprogramming to Ground State Pluripotency. Cell Stem Cell 2010, 7, 319-328. 



© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3 .0/) . 



